Temporal restriction of feeding can entrain circadian behavioral and physiological rhythms in mammals. Considering the critical functions of the hypothalamic orexin (hypocretin) neuropeptides in promoting wakefulness and locomotor activity, we examined the role of orexin neurons in the adaptation to restricted feeding. In orexin neuron-ablated transgenic mice, the food-entrained rhythmicity of mPer2 expression in the brain and liver, the reversal of the sleep-wake cycle, and the recovery of daily food intake were unaltered compared with wild-type littermates. In contrast, orexin neuron-ablated mice had a severe deficit in displaying the normal foodanticipatory increases in wakefulness and locomotor activity under restricted feeding. Moreover, activity of orexin neurons markedly increased during the food-anticipatory period under restricted feeding in wild-type mice. Orexin neurons thus convey an efferent signal from putative food-entrainable oscillator or oscillators to increase wakefulness and locomotor activity.
Introduction
The circadian oscillator in the suprachiasmatic nucleus (SCN), which is regarded as the master clock in mammals, orchestrates multiple circadian biological rhythms in the organism and is regulated according to environmental light/dark cues conveyed from the eye [light-entrainable oscillator (LEO)] (Buijs and Kalsbeek, 2001; Reppert and Weaver, 2002) . However, when food availability is restricted to a single period scheduled at a fixed time of the day (restricted feeding), animals adapt to this condition within a few days by feeding during the period of food availability and by increasing locomotor activity in the preceding hours [food-anticipatory activity (FAA)] (Mistlberger, 1994; Stephan, 2002) . Such anticipatory behaviors have been documented in multiple mammalian and avian species and are often accompanied by increases in body temperature, adrenal corticosterone secretion, gastrointestinal motility, and activity of digestive enzymes. These changes in biological rhythms have been postulated to be brought about by a food-entrainable oscillator (FEO) that is independent of the SCN, although little is known of the physical substrates of the FEO. Recent studies demonstrated that restricted feeding during the light phase entrains and shifts the circadian rhythms of gene expression in the peripheral tissues as well as in certain brain regions other than the SCN, whereas rhythmicity in the SCN remained phase locked to the light/dark cycle. This suggests a phase uncoupling of multiple circadian oscillators outside the SCN from the master clock under restricted feeding (Damiola et al., 2000; Stokkan et al., 2001; Wakamatsu et al., 2001) .
Little is known regarding the efferent pathways through which the putative FEO may modulate behavior. Orexin-A and -B (hypocretin-1 and -2) are neuropeptides produced by cleavage of a single precursor prepro-orexin, and they act on two orexin receptors, orexin receptor type 1 (OX 1 R) and type 2 (OX 2 R) Sakurai et al., 1998) . Intracerebroventricular administration of these peptides in rodents elevates locomotor activity and wakefulness (Hagan et al., 1999) . Neurons producing orexins are located exclusively in the lateral and posterior hypothalamus and send their projections widely throughout the CNS, including a number of nuclei involved in vigilance state regulation Chemelli et al., 1999; Date et al., 1999) . The importance of the orexin system in promoting wakefulness is highlighted by the findings that mice lacking either the orexin gene (Chemelli et al., 1999) or orexin neurons (Hara et al., 2001 ), as well as mice and dogs with null mutations in the OX 2 R gene (Lin et al., 1999; Willie et al., 2003) , show phenotypes remarkably similar to the human sleep disorder narcolepsy (Mignot et al., 2002; Scammell, 2003) .
We previously described a transgenic mouse strain (designated here as orexinergic(-) mice) in which the hypothalamic orexin neurons are specifically and postnatally ablated through the expression of a poly-Gln-containing fragment of the ataxin-3 polypeptide, the product of Machado-Joseph disease gene (Hara et al., 2001) . In the present study, we have examined the role of orexin neurons in the adaptation to restricted feeding using orexinergic(-) mice (Mistlberger et al., 2003) .
Materials and Methods
Animals. Orexinergic(-) mice were generated as described previously (Hara et al., 2001) . Mice used for all experiments in this study were 13-to 20-week-old male orexinergic(-) hemizygous mice and their wild-type littermates (C57BL/6J ϫ 129SvEv F1 genetic background), generated by crosses between male orexinergic(-) hemizygous mice (N4-N7 backcross to C57BL/6J) and wild-type female mice (129SvEv). All animal procedures were approved by the appropriate institutional animal care and use committees and were performed in strict accordance with National Institutes of Health guidelines.
Protocols for restricted feeding. Mice were kept on a 12 hr light/dark cycle. Before recording, all mice were individually housed for at least 7 d and then monitored for electroencephalograph-electromyograph (EEG-EMG) activity or locomotor activity from the onset of the dark phase [zeitgeber time (ZT) 12; ZT0 is defined as the lights-on time and ZT12 as the lights-off time] for 48 hr under ad libitum feeding (ALF) (days Ϫ2 and Ϫ1). During ALF recording, two food pellets (ϳ5.5 gm each) were put on the cage floor and replaced with fresh ones every day at ZT4 (in light phase-restricted feeding experiments; LRF) or ZT16 (in dark phase-restricted feeding experiments; DRF). Pellets were also handled very briefly at ZT8 (LRF experiments) or ZT20 (DRF experiments) to mimic the procedures under restricted feeding. On the next day (day 0), food pellets were replaced with fresh ones as on days Ϫ2 and Ϫ1 and then removed at ZT8 (LRF) or ZT20 (DRF). From day 1, two food pellets were put on the cage floor at ZT4 (LRF) or ZT16 (DRF) and then removed at ZT8 (LRF) or ZT20 (DRF). Data for restricted feeding were collected on days 8 and 9. After restricted feeding recording, data were collected for a further 24 hr (LRF) or 12 hr (DRF) without food (RF-fast), followed by refeeding. During this part of the study, the experimenter again put his hand in the cages at ZT4 and ZT8 (LRF) or ZT16 and ZT20 (DRF) to mimic the procedures under restricted feeding. Because preliminary EEG-EMG recordings indicated that sleep-wake rhythms after 1 and 2 weeks of LRF were essentially the same, we collected data after 1 week of restricted feeding.
Gene expression analyses. Neither locomotor activity nor EEG-EMG was recorded from mice used for tissue collection. Tissues were collected in duplicate (two mice per data point) from wild-type and orexinergic(-) littermates under ALF or LRF at ZT1, 7, 13, and 19 (for the brain) or at ZT7 and 15 (for the liver) on day 9 (see protocols for restricted feeding). For tissue collection from mice under ALF, mice continued to be fed ad libitum from day 0 to day 9. In situ hybridization was performed as described (Chemelli et al., 1999) . A 0.3 kb fragment of mPer2 cDNA was used to generate sense (control) and antisense riboprobes (Reick et al., 2001) . For the quantitative reverse transcription (RT)-PCR, total RNA was prepared from mouse livers using the RNA STAT-60 kit (Tel-Test, Friendswood, TX) . cDNA was synthesized from 2 g of total RNA using oligo(dT) [12] [13] [14] [15] [16] [17] [18] primers and the SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) . mPer2 and mouse glyceraldehydes-3-phosphate dehydrogenase (GAPDH ) cDNA fragments were amplified and quantified by real-time PCR from 1/50 of synthesized cDNA mixtures using the ABI PRISM 7000 Sequence Detection System and the SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA). The primer sequences were: mPer2 upstream, 5Ј-TCCTGTCATGGCCTTCATGCT-3Ј; mPer2 downstream, 5Ј-GCAGGAGTTATTTCGGAGGCA-3Ј; GAPDH upstream, 5Ј-GTGGCAAAGTGGAGATTGTTGCC-3Ј; GAPDH downstream, 5Ј-GATGATGACCCGTTTGGCTCC-3Ј.
Measurement of locomotor activity. Open-field locomotor activity was recorded, and then the distances traveled were calculated using the AccuScan (Columbus, OH) VersaMax system. Mice were transferred from home cages into the apparatus for habituation 4 hr before the recording period under ALF that started at the onset of the dark phase and kept in the apparatus throughout the experiments (see "Protocols for restricted feeding").
EEG-EMG recordings. Mice were anesthetized and surgically implanted for long-term EEG-EMG monitoring as described previously (Chemelli et al., 1999) . EEG-EMG signals were amplified, filtered, digitized, archived, and scored into standard vigilance states as described and further analyzed using custom software (Chemelli et al., 1999) . For calculation of the hourly mean durations of wakefulness episodes, we treated each wakefulness episode that crossed the boundary between the hourly windows as two separate episodes.
Fos mapping. Neither locomotor activity nor EEG-EMG was recorded from mice used for tissue collection. Brains were collected (five mice per each group) from wild-type and orexinergic(-) littermates under ALF or LRF at ZT3.5 on days 8, 9, and 10 (see Protocols for restricted feeding). For tissue collection from mice under ALF, mice continued to be fed ad libitum from day 0 to day 10. Double staining for orexin and Fos was performed as described (Beuckmann et al., 2004) , using anti-orexin (Chemelli et al., 1999) and anti-Fos (Ab-5; 1:50,000 dilution) (Oncogene Research Products, Cambridge, MA) antibodies. Numbers of stained cells in the perifornical area, LC (bilateral counting from one section per sample), and the tuberomammillary nucleus (TMN) (bilateral counting from three sections 90 m apart per sample) were counted using a Bioquant (Nashville, TN) Nova system. Statistical analysis. Activity and vigilance state data were initially analyzed by two-way repeated-measures ANOVA to detect effects of genotype, feeding conditions, and their interactions. For significant measures, initial analysis was followed by one-way repeated-measures ANOVA and Tukey post hoc tests to detect effects of feeding conditions within each genotype and by two-way repeated-measures ANOVA to detect interactions between genotype and each combination of two of the multiple feeding conditions. The criterion for rejection of the null hypothesis was p Ͻ 0.05.
Results
Orexin neurons are not required for circadian entrainment by feeding To detect any differences between wild-type and orexinergic(-) mice (Hara et al., 2001) in the entrainment of circadian oscillators by restricted feeding, we first compared circadian rhythms of mPer2 expression in the brain and liver of wild-type and orexinergic(-) mice under ALF or under 4 hr restricted feeding in the middle of the light phase (ZT4 -8: LRF; see Materials and Methods). We collected brains at four time points (ZT1, 7, 13, and 19) on the ninth day under ALF or LRF and performed in situ hybridization. These four sampling time points were sufficient to detect the overt qualitative differences in temporal expression patterns between different feeding conditions. In the SCN of wild-type mice, we observed weak expression of mPer2 at ZT1, highest levels at ZT7, moderate levels at ZT13, and essentially no expression at ZT19 under ALF. As previously reported, LRF did not appreciably change the mPer2 rhythm in the SCN (Fig. 1a) . In contrast, mPer2 expression in the striatum and cerebral cortex was higher in the dark phase (ZT13, 19) under ALF, whereas under LRF expression was highest at ZT7 (during food availability), with expression levels apparently higher than those at peak under ALF. These temporal patterns of mPer2 expression are consistent with previous reports and indicate a phase uncoupling of circadian oscillators outside the SCN from the SCN clock under LRF (Zylka et al., 1998; Damiola et al., 2000; Reick et al., 2001; Stokkan et al., 2001; Wakamatsu et al., 2001 ). In the brains of orexinergic(-) mice, the temporal patterns of mPer2 expression were essentially identical to those of wild-type mice as described above.
We then quantified mPer2 mRNA in the livers collected at ZT7 and ZT15 by real-time RT-PCR (Fig. 1b) . Under ALF, mPer2 expression was much higher at ZT15 than ZT7 in both genotypes.
The light/dark rhythm of mPer2 expression in the liver was completely reversed under LRF in both genotypes, as reported previously for normal mice and rats (Damiola et al., 2000; Stokkan et al., 2001) . Collectively, these results suggest that LRF entrained the molecular clocks similarly in wild-type and orexinergic(-) mice.
We next monitored vigilance state patterns of wild-type and orexinergic(-) mice by recording EEG-EMG activity under ALF and LRF. The 24 hr wakefulness time in wild-type mice was similar in LRF and ALF (Fig. 2a) . In contrast, LRF caused a significant reduction in total 24 hr wakefulness time compared with that under ALF in orexinergic(-) mice; this reduction in 24 hr wakefulness time under LRF was accompanied by an increase in 24 hr non-REM sleep time but not in 24 hr REM sleep time. The time spent in wakefulness under ALF was not significantly different between the two genotypes, as described previously (Hara et al., 2001) . Wakefulness time during the 12 hr dark/light phases showed that, as expected, both wild-type and orexinergic(-) mice were more awake during the dark (i.e., active) phase than during the light (i.e., rest) phase under ALF. Importantly, under LRF, sleep-wake rhythms were reversed in both genotypes (Fig. 2a) ; reduction of wakefulness in the dark phase under LRF was com- Normal changes to vigilance states and food intake in orexinergic(-) mice under light phase-restricted feeding. a, Time spent in each vigilance state during 24 hr day (24-h), 12 hr dark phase (Dark), and 12 hr light phase (Light). Note that under LRF, the light/dark rhythm of the sleep-wake cycle is reversed compared with that under ALF in both wild-type (wt) and orexinergic(-) (ox-) mice. In addition, orexinergic(-) mice show reduced total 24 hr wakefulness time. ***p Ͻ 0.001 ALF versus LRF within each genotype; ## p Ͻ 0.01; ### p Ͻ 0.001 interaction of feeding condition and genotype; two-way repeated-measures ANOVA. Values are means Ϯ SE (n ϭ 8 for each genotype). b, Amount of food consumed by wild-type or orexinergic(-) mice relative to those on day Ϫ1. Values at each time point are not significantly different between genotypes by unpaired t test. From days Ϫ3 to Ϫ1, under ALF; on day 0, food was removed at ZT8; from day 1 to day 9, under LRF. Values are means Ϯ SE (n ϭ 8 for each genotype) that were monitored during the EEG-EMG recording experiments (Figs. 2a, 4) . Food intake during locomotor activity measurements (Fig. 3 ) exhibited curves very similar to those shown here.
parable between the two genotypes, accompanied by similar increases in non-REM sleep time in the dark phase. However, the increase in wakefulness in the light phase under LRF was less in the orexinergic(-) mice than in the wild-type mice because of attenuation of the food-anticipatory increase in wakefulness (see below). Nevertheless, these data suggested that food-entrainment of circadian sleep-wake rhythms was not fundamentally impaired in orexinergic(-) mice.
Under LRF, wild-type and orexinergic(-) mice showed similar changes in daily food intake and body weight. During the first day of LRF, they ate only ϳ10% of the food that they ate under ALF (Fig. 2b) . However, mice of both genotypes rapidly increased food intake to reach ϳ85% of ALF intake after 9 d of LRF. The absolute food intake was significantly smaller in orexinergic(-) mice than in wild-type mice under LRF as well as under ALF, as reported previously (Hara et al., 2001 ) (5.3 Ϯ 0.2 vs 4.5 Ϯ 0.1 gm under ALF, p ϭ 0.002, n ϭ 8; 4.5 Ϯ 0.2 and 3.8 Ϯ 0.1 gm after 9 d under LRF, p ϭ 0.007, n ϭ 8; unpaired t test). Body weights were not significantly different between the genotypes (30.8 Ϯ 0.5 and 30.7 Ϯ 1.6 gm before LRF; 26.4 Ϯ 0.5 and 26.7 Ϯ 1.5 gm after 5 d under LRF). Thus, metabolic aspects of adaptation to LRF seemed comparable between wild-type and orexinergic(-) mice. These changes under LRF in food intake, body weight, central and peripheral mPer2 expression, and circadian rhythms of the sleep-wake cycle all suggested that orexin neurons are not required for circadian entrainment by restricted feeding.
Orexin neurons are essential for food-anticipatory circadian behaviors
We next examined the hourly distribution of locomotor activity and wakefulness time in wild-type and orexinergic(-) mice under ALF or LRF, to examine the role of orexin neurons in the foodanticipatory increase in activity and wakefulness. Under LRF, wild-type mice demonstrated robustly increased locomotor activity for 2 hr preceding food availability (Fig. 3) and increased the time spent in wakefulness for 3 hr preceding food availability (Fig. 4a,b) . In contrast, orexinergic(-) mice exhibited severely blunted anticipatory increases in both locomotor activity and wakefulness time that were restricted to the 1 hr period preceding food availability (Figs. 3, 4a,b) . These data suggested that orexin neurons are essential for the normal food-anticipatory increase in activity and wakefulness under LRF. We focused on vigilance state regulation for additional study, because, under our experi- mental conditions in wild-type mice, the anticipatory increase in wakefulness time was more marked than that in locomotor activity.
Although orexinergic(-) mice exhibited a blunted foodanticipatory increase in wakefulness, they responded similarly to wild-type mice with respect to the time spent in wakefulness during the period of food availability (Fig. 4a,b) . This suggested that orexin neurons are not required for the increased wakefulness while food is actually available. However, when mice were given no food during the expected feeding period after the establishment of FAA, wild-type mice significantly prolonged the period of increased wakefulness, but orexinergic(-) mice did not (Fig. 4a,b, LRF-fast) .
Because orexin neurons have been implicated in the stabilization and maintenance of wakefulness episodes (Chemelli et al., 1999; Hara et al., 2001; Saper et al., 2001; Willie et al., 2003) , we also plotted the mean hourly durations of these episodes (Fig. 4c) . Wild-type mice showed markedly increased wakefulness episode durations for 3 hr during the foodanticipatory period. In contrast, orexinergic(-) mice showed no increase in wakefulness episode durations until food was actually available. Thus, stabilization of wakefulness episodes may be the principal orexin-mediated mechanism for the foodanticipatory increase in wakefulness time. Hourly plots of the time spent in non-REM sleep were essentially the mirror images of those of wakefulness (data not shown). In wild-type mice, LRF significantly reduced non-REM sleep time for 3 hr preceding and during food availability, but non-REM sleep time was correspondingly increased in the dark phase. These changes resulted in a reversal of the light/ dark pattern for non-REM sleep time, although the total non-REM sleep time over 24 hr remained unchanged (Fig. 2a) . In orexinergic(-) mice, however, the reduction of non-REM sleep time during food anticipation was markedly blunted compared with wild-type mice, but the increase in this parameter in the dark phase was similar to that in wild-type mice. These changes resulted in an increase in 24 hr non-REM sleep time (Fig. 2a) . Changes in REM sleep time resulting from LRF (Figs. 2a, 4d) were approximately parallel to those noted for non-REM sleep time except that: (1) daily REM sleep time was reduced under LRF in both genotypes, and (2) orexinergic(-) mice did not show increased REM sleep time in the dark phase under LRF despite the fact that non-REM sleep time was increased. As previously reported, orexinergic(-) mice spent more time in REM sleep than wild-type mice in the dark phase even under ALF (Fig. 2a) ( p ϭ 0.0001 by two-way ANOVA) (Hara et al., 2001) . A ceiling effect might, therefore, be in operation, and further increases in REM sleep time in the dark phase under LRF would not be possible.
These results, suggesting an essential role of orexin neurons in displaying FAA, led us to examine whether orexin neurons are indeed activated during the food-anticipatory period by measuring Fos protein expression as an indicator of neuronal activity (Cirelli and Tononi, 2000) . We collected brains of wild-type or orexinergic(-) mice at ZT3.5 under ALF or LRF (30 min before food availability in LRF) and sectioned and double-stained them with anti-Fos and anti-orexin antibodies. The number of orexinimmunoreactive (IR) cells in the perifornical area of wild-type mice was not different between ALF and LRF (Fig. 5a,c) . Very few orexin-IR neurons, if any, were found in the same area of orex- inergic(-) mice, with much weaker staining (data not shown). In wild-type mice, the number of orexin-IR-Fos-IR double-labeled cells was increased 6.1-fold under LRF compared with that under ALF (Fig. 5a,c) . The number of non-orexin-IR-Fos-IR cells in the same area was not significantly different under LRF in wild-type mice compared with that under ALF ( p ϭ 0.11 by unpaired t test). These results indicated that orexin neurons are selectively activated among neurons within the perifornical area during the food-anticipatory period.
Because we observed a marked attenuation of foodanticipatory activity and wakefulness in orexinergic(-) mice, we also compared the number of Fos-IR cells between the two genotypes in some of the nuclei that have been implicated as direct downstream targets of orexin neurons in the regulation of the sleep-wake cycle. The number of Fos-IR cells in the TMN, which contains histaminergic neurons and is critical for the maintenance of wakefulness (Huang et al., 2001; Parmentier et al., 2002; Yamanaka et al., 2002) , was dramatically increased during the food-anticipatory period under LRF compared with that under ALF in wild-type mice. Interestingly, orexinergic(-) mice exhibited similar degrees of LRF-induced increase in TMN Fos-IR (Fig.  5b,c) . This observation indicated that the activation of TMN neurons during food anticipation is independent of orexinergic projections. In contrast, only very few Fos-IR neurons were observed during the food-anticipatory period in the locus ceruleus (LC) (Fig. 5c ) and the dorsal raphe nucleus (DR) (data not shown) of both wild-type and orexinergic(-) mice (Chemelli et al., 1999; Saper et al., 2001) . These results in the TMN, LC, and DR of wild-type mice are consistent with a previous report in rats subjected to a similar scheme of food restriction (Inzunza et al., 2000) .
Regulation of wakefulness by orexin neurons is modulated by circadian phase
During the initial dark phase under LRF (day 1; see Materials and Methods), which started 4 hr after the first removal of food at ZT8, both wild-type and orexinergic(-) mice responded to the absence of food by increasing wakefulness (Fig. 6) . Although the period of increased wakefulness lasted 1 hr longer in wild-type mice than in orexinergic(-) mice (5 vs 4 hr), both genotypes exhibited a similar increase in wakefulness during the first 4 hr. Thus, although orexinergic(-) mice exhibited a failure to increase wakefulness during food anticipation when compared with wildtype mice under LRF (Fig. 4a,b) , they, like wild-type mice, did appropriately increase wakefulness at the beginning of the first dark phase without food (Fig. 6a,b ). An important difference between these two contexts is the time of the day when wakefulness needed to be increased. Interestingly, although the 24 hr wakefulness time of orexinergic(-) mice was comparable to that of wild-type mice under ALF (a condition under which mice are more awake in the dark phase), total wakefulness time in orexinergic(-) mice was reduced under LRF, when the mice were more awake during the light phase (Fig. 2a) .
To test the hypothesis that the orexin-mediated regulation of wakefulness is modulated by circadian phase, we examined the effect of a 4 hr period of restricted feeding in the middle of the dark phase (ZT16 -20, DRF) on the vigilance states of wild-type and orexinergic(-) mice. The difference between genotypes in the food-anticipatory increase in wakefulness under DRF was similar to that under LRF. Thus, wild-type mice demonstrated increased wakefulness for 4 hr preceding food availability under DRF, but orexinergic(-) mice exhibited a markedly blunted increase that was restricted to a 1 hr period immediately preceding food availability (Fig. 7a,b) . Hence, orexin neurons are essential for exhibiting the normal anticipatory increase in wakefulness regardless of circadian phase. However, orexinergic(-) and wild-type mice showed similar increased wakefulness when no food was given during the expected feeding period (Fig. 7a,b, DRF-fast) . This was in notable contrast to the response of orexinergic(-) mice to the same situation under LRF, when they exhibited a severely blunted wakefulness response compared with wild-type mice (Fig. 4a,b, LRF-fast) . Orexinergic(-) mice maintained a similar 24 hr wakefulness time under DRF compared with that recorded under ALF, whereas wild-type mice demonstrated significantly increased 24 hr wakefulness time because of the additional wakefulness during the period of food anticipation (Fig. 7c) . Under DRF, therefore, orexin neurons may enable mice to decrease the homeostatic sleep drive with an increased 24 hr wakefulness time. This is consistent with the hypothesis that orexin neurons are involved in 24 hr sleep homeostasis by having a different influence on wakefulness during the light and dark phases. This follows from the fact that under LRF, in which the 24 hr vigilance state rhythm was reversed in both genotypes, orexinergic(-) mice exhibited less 24 hr wakefulness time, whereas wild-type mice maintained similar 24 hr wakefulness time to that recorded under ALF (Fig. 2a) . . Similar responses to the absence of food by wild-type and orexinergic(-) mice in the first dark phase under light phase-restricted feeding. a, Hourly plots of time spent in wakefulness under ALF or on the first day under LRF (see Results and Materials and Methods). The period of food availability is shaded, and the dark phase is indicated by a solid horizontal bar. *p Ͻ 0.05 ALF versus LRF day1; within each genotype; one-way repeated-measures ANOVA (including data for "LRF" and "RLF-fast") and Tukey post hoc tests. b, Time spent in wakefulness during the onset of the dark phase (ZT12-16) or the periods of anticipation (ZT1-4) on LRF day 1. *p Ͻ 0.05; ***p Ͻ 0.001 ALF versus LRF day 1 within each genotype; two-way repeatedmeasures ANOVA. There was no significant interaction between feeding condition and genotype. Values are means Ϯ SE (n ϭ 8 for each genotype).
Discussion
In this study, we used orexinergic(-) transgenic mice, in which orexin neurons specifically and postnatally degenerate (Hara et al., 2001) , to elucidate the role of orexin neurons in the circadian adaptation to restricted feeding, particularly with respect to vigilance state regulation. Changes caused by LRF in food consumption, as well as in the circadian expression of the mPer2 gene in the liver and various brain regions, were indistinguishable between wild-type and orexinergic(-) mice. The circadian sleep-wake pattern was also similarly reversed under LRF in both genotypes. In contrast, the food-anticipatory increase in locomotor activity and wakefulness under LRF was severely impaired in orexinergic(-) mice. Fos-IR in orexin neurons markedly increased during the food-anticipatory period in wild-type mice. These findings suggest that orexin neurons are not required for the entrainment of the putative FEO by feeding, but essential for the execution of signals from the FEO to increase wakefulness and activity during the foodanticipatory period. Indeed, orexin neurons are neuroanatomically well placed to modulate the sleep-regulating monoaminergic and cholinergic systems (Chemelli et al., 1999; Saper et al., 2001; Mieda and Yanagisawa, 2002) in accordance with putative signals from the FEO. Deficits in food-anticipatory behavior in orexinergic(-) mice appear to be mechanistically different from those seen in mice deficient for NPAS2, a paralog of Clock, in which the defect lies in the NPAS2-driven molecular clock per se, a clock that is apparently essential for adaptation to restricted feeding (Dudley et al., 2003) . It is also important to note that the circadian modulation of behaviors driven by the LEO is essentially independent of orexin neurons. Thus, mice are more active and wakeful during the dark phase than during the light phase with or without orexin neurons (Figs. 2-4) (Hara et al., 2001 ). Moreover, circadian modulation of locomotor activities under dark:dark free-running conditions was essentially unaltered in orexin knockout mice (M. Mieda and M. Yanagisawa, unpublished data) . Thus, orexin neurons are essential for the execution of FEOdriven but not LEO-driven behaviors.
Orexinergic(-) mice have a normal lifespan and showed normal changes in food intake and body weight even though they lacked most of the food-anticipatory increase in locomotor activity and wakefulness under restricted feeding. These findings raise the question as to the adaptive value of FAA. Under the conditions of restricted feeding in this study, food was given to mice at precisely the same time every day in their home cages. Therefore, food intake of these mice deviated little from normal during the period of food availability. However, in the wild, even if food availability was restricted to a certain period of the day, it could still be uncertain and deviate temporally and spatially. Thus, increasing activity and wakefulness in the hours immediately preceding expected food availability would aid survival by foraging for food within a variable window of opportunity.
Orexin neurons in an efferent pathway of the putative FEO
We have shown previously that orexin neurons monitor peripheral indicators of nutritional state and mediate an adaptive augmentation of wakefulness in response to negative energy balance (Yamanaka et al., 2003) . Thus, the possibility arises that orexin neurons are sensing the depletion of nutrients and thus increasing wakefulness during the hours that precede food availability under restricted feeding, rather than conveying signals from a bona fide circadian oscillator. However, we consider that this possibility is unlikely because mice exhibited no appreciable increase in wakefulness immediately before food availability on the first day of restricted feeding, when the food-entrained behavioral rhythm had not been established (Fig. 6b, ZT1-4) . Furthermore, mice gradually decreased wakefulness when food was not available during the expected feeding period, a situation that must further deplete nutrients. Previous studies have also demonstrated that FAA is not simply triggered each day when energy depletion reaches some threshold before food availability (Mistlberger, 1994) .
Orexinergic(-) mice are known to be hypometabolic, at least on one genetic background (Hara et al., 2001 ). Thus, it is possible that the hypometabolism of orexinergic(-) mice simply reduces the need for, and anticipation of, food. We consider that this explanation is also unlikely. First, changes in food intake and body weight under LRF were comparable between wild-type and orexinergic(-) mice, suggesting that they responded similarly to LRF with respect to overall energy balance. Second, orexinergic(-) mice responded to certain behavioral contexts, such as actual food availability, by increasing wakefulness to an extent comparable to that observed in wild-type mice (Fig. 4b) . This suggests that the desire for food is similar in the two genotypes.
The TMN is a likely downstream target of orexin neurons for the elicitation of arousal during food anticipation, because (1) TMN histaminergic neurons have been reported to be critical for the maintenance of wakefulness (Parmentier et al., 2002) ; (2) they receive a relatively dense projection of orexin neurons Chemelli et al., 1999; Date et al., 1999) ; (3) they express OX 2 R receptors (Marcus et al., 2001; Willie et al., 2003) ; and (4) they at least in part mediate the arousing effects of centrally administered orexin-A (Huang et al., 2001; Yamanaka et al., 2002) . The increase of Fos-IR cell number in this area suggested that TMN neurons are indeed activated during the foodanticipatory period under LRF. Nevertheless, we failed to detect any difference in the activation of TMN neurons between wildtype and orexinergic(-) mice, despite the marked attenuation of food-anticipatory wakefulness in orexinergic(-) mice. This observation suggests that orexin neurons are not required for the activation of TMN neurons during food anticipation and that activation of TMN neurons is not sufficient for exhibiting normal food-anticipatory activity and wakefulness. Thus, contrary to expectation, TMN neurons are unlikely to be a principal site for mediating the signal from orexin neurons in eliciting FAA. During a preliminary scan of sections covering the entire brain for Fos-IR, we did not find any areas with marked differences between genotypes in Fos induction during food anticipation. Additional detailed studies are therefore necessary to identify the neural circuits involved in the regulation of food anticipation by orexin neurons.
Modulation of orexin neuron-mediated vigilance regulation by circadian phase
Comparisons between the adaptation of orexinergic(-) mice to LRF and DRF suggested that the contribution of orexin neurons to increasing and maintaining wakefulness is modified by circadian phase. The reduced total 24 hr wakefulness time under LRF in orexinergic(-) mice is particularly interesting because 24 hr sleep homeostasis has been thought to be unaltered in murine, canine, and human narcoleptics, because their daily wakefulness times are comparable to normal individuals under baseline conditions (Hishikawa et al., 1976; Mitler and Dement, 1977; Montplaisir et al., 1978; Chemelli et al., 1999; Hara et al., 2001; . Equally interesting is the finding that the 24 hr wakefulness time was significantly increased under DRF in wild-type mice. Although the mechanism remains undefined, this shift in the set point for 24 hr wakefulness time apparently requires the presence of orexin neurons. Because we performed all experiments under 12 hr light/dark conditions in the present study, we were not able to discriminate between the input from the central clock in the SCN and the presence of light, as the relevant modulator. Circadian signals from the SCN are known to suppress locomotor activity (Buijs and Kalsbeek, 2001 ) and wakefulness (Mistlberger et al., 1983; Tobler et al., 1983; Dijk and Czeisler, 1995) during the rest phase. Independently of the SCN, however, light also has a direct suppressive effect on locomotor activity (Redlin, 2001 ) and probably on wakefulness (Fishman and Roffwarg, 1972; Benca et al., 1998) in nocturnal animals (i.e., the masking effect).
Whereas orexin neurons were shown in this study to be essential for the normal food-anticipatory increase in wakefulness regardless of the light/dark phase, the absence of orexin neurons made no appreciable difference to the increase in wakefulness during actual food availability under restricted feeding in the light or dark phase. During food availability, physical movement associated with the ingestion of food (Matsumoto et al., 2002) , as well as the odor and/or sight of food, might help the mice to maintain arousal via an orexin-independent mechanism. Thus, the contribution of orexin neurons to the promotion of wakefulness seems to be context dependent: it may vary according to the overall activity of other neuronal populations that regulate the sleep-wake cycle.
